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ABSTRACT
 
Four fungal species, F71PJ 
 
Acremonium
 
 sp., F531 
 
Cylindro-
carpon 
 
sp., F542, 
 
Botrytis
 
 sp., and F964 
 
Fusarium culmorum
 
[Wm. G. Sm.] Sacc. were recovered from hydrilla [
 
Hydrilla
verticillata
 
 (L. f.) Royle] shoots or from soil and water sur-
rounding hydrilla growing in ponds and lakes in Florida and
shown to be capable of killing hydrilla in a bioassay. The iso-
lates were tested singly and in combination with the leaf-min-
ing fly, 
 
Hydrellia pakistanae
 
 (Diptera: Ephydridae), for their
capability to kill or severely damage hydrilla in a bioassay. For
the fungus plus insect treatments, two ready-to-hatch 
 
H. paki-
stanae
 
 (HP) eggs were placed on hydrilla shoot in each assay
tube. The shoots were rated for insect damage 21 days later
and grouped into two damage levels, 15% (HP1) and 25%
(HP2). The insect-damaged hydrilla shoots were then ex-
posed to each fungus added to the water in the assay tube at
a final concentration of 6 
 
×
 
 10
 
4
 
 to 1 
 
×
 
 10
 
6
 
 propagules per ml.
In two of the fungus-insect combinations (HP2 plus
 
 Acremoni-
um
 
 sp. and HP2 plus
 
 F. culmorum
 
), the level of damage on hy-
drilla was increased in comparison with the damage caused
by either agent alone. Among the isolates tested alone, the
 
F. culmorum
 
 isolate was the most effective. The maximum
damage to the shoots by this isolate was achieved at 20 to 30
C as compared to 15 or 35 C. The synergistic effect of com-
bining 
 
F. culmorum
 
 and 
 
H. pakistanae
 
 was 1.22 to 1.56 times
greater, respectively, for the two herbivory levels of HP1 and
HP2, than the effect of the fungus alone. The damage levels
were 3.21 to 2.78 times greater for the 
 
F. culmorum 
 
plus 
 
H. pa-
kistanae
 
 treatments compared to the insect alone at the re-
spective levels of herbivory. Thus, the combined use of this
pathogenic fungus and the fly appears a promising approach
for integrated control of hydrilla.
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INTRODUCTION
 
Hydrilla is a submersed freshwater macrophyte that be-
longs to the family Hydrocharitaceae. It is widely distributed
in the African-Asian region (Pieterse 1981) and has become
one of the most invasive weeds of waterways in tropical and
subtropical regions of the world (Langeland 1996). Hydrilla
was first reported on the west coast of Florida in 1958 (Black-
burn et al. 1969). Since then, it has spread throughout Flori-
da and to many other states (Langeland and Burks 1998).
Two factors enable hydrilla to out-compete other submersed
aquatic plants: it thrives under low light conditions and it pro-
duces an abundance of viable vegetative propagules (Bowes
et al. 1977). Hydrilla forms dense surface mats that can se-
verely reduce water flow, interfere with boating, water sports,
fishing, and navigation. It can also significantly reduce the wa-
ter holding capacity of storage ponds. From 1980 to 1993, ap-
proximately $39 million was spent in Florida to manage
hydrilla in the state’s public waters (Schardt 1997), mainly for
chemical herbicides containing copper, diquat, endothall, or
fluridone as an active ingredient (Langeland 1996).
Biological control of hydrilla has been a high priority in
Florida since the 1970s. Among the biocontrol agents released
to control hydrilla is 
 
Hydrellia pakistanae
 
 Deonier (Diptera;
Ephydridae [HP]), a small fly native to tropical and temperate
regions of Asia (Deonier 1993). The leaf-mining larvae of this
fly cause extensive damage to hydrilla (Baloch and Sana-Ullah
1974, Deonier 1978, Baloch et al. 1980, Buckingham et al.
1989). Host-range tests conducted in Pakistan (Baloch and Sa-
na-Ullah 1974) and in Florida (Buckingham et al. 1989) dem-
onstrated that 
 
H. pakistanae
 
 is highly specific to hydrilla. The
fly was released in Florida in 1987, but to date its population
density has never exceeded more than 15 adults per m
 
2
 
 of hyd-
rilla stands and the level of damage has not been more than
one-fifth the level estimated to be necessary to produce a sig-
nificant impact on the plant (Wheeler and Center 2001).
Several plant pathogens have been discovered and shown
to be capable of killing hydrilla under controlled conditions
(Charudattan 1990, Verma and Charudattan 1993, Shearer
1998, Nachtigal and Pitelli 1999, Shabana et al. 2003). A mul-
ticomponent, integrated control approach rather than a sin-
gle control tactic offers the best prospect for long-term
management of aquatic weeds (Pieterse 1977; Charudattan
2001). In this respect, the potential to exploit synergistic in-
teractions between insects and plant pathogens or a patho-
gen and a herbicide has been suggested as an option
(Charudattan et al. 1978, Charudattan 1986, Netherland and
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Shearer 1996, Caesar 2000). However, no previous studies
have attempted to develop an integrated control system for
hydrilla by combining pathogens and insects as biocontrol
agents. The specific objective of this study was to evaluate the
feasibility of integrating fungal pathogens indigenous to
Florida with 
 
H. pakistanae
 
 for the management of hydrilla.
 
MATERIALS AND METHODS
 
Evaluation of four fungal species and 
 
H. pakistanae
 
 for control-
ling hydrilla in a bioassay
 
. Four fungal species, F71PJ 
 
Acremonium
 
sp., F531 
 
Cylindrocarpon 
 
sp., F542, 
 
Botrytis
 
 sp., and F964 
 
Fusari-
um culmorum 
 
[Wm. G. Sm.] Sacc. were recovered from hydrilla
shoots or from soil and water surrounding hydrilla growing in
ponds and lakes in Florida. Each fungal species was capable of
killing hydrilla in a bioassay (Shabana et al. 2003). The isolates
were tested singly and in combination with the leaf-mining fly,
 
H. pakistanae
 
, for their ability to kill or damage hydrilla in a
test-tube bioassay. The bioassay system consisted of glass tubes
with dimensions of 22 mm diameter by 150 mm in length.
Each tube contained 49 ml of sterile tap water and one
healthy, terminal shoot of dioecious female hydrilla 9 cm in
length. Two 1- to 4-day-old eggs of
 
 H. pakistanae
 
, collected
from a colony maintained at the University of Florida, Gaines-
ville, were transferred with a fine brush onto the top leaves of
the hydrilla shoot in each assay tube. The tubes were then cov-
ered with sterile clear plastic caps and placed under diurnal
light (12 h; 137 µE/m
 
2
 
.s) at 25 ± 2 C for 3 weeks. After 3 weeks,
the hydrilla shoots were separated according to the level of 
 
H.
pakistanae
 
 damage into two groups with 15 and 25% damage
(percentage of stem tissue mined and turned chlorotic). Suffi-
cient numbers of shoots were infested with 
 
H. pakistanae
 
 to ob-
tain the required number of replicates for this experiment.
For the fungus plus insect treatments, hydrilla shoots at each
level of insect damage were inoculated with each fungus. One
ml of a suspension of fungal propagules was added to the con-
tents of a tube to give a final inoculum concentration ranging
from 6 
 
×
 
 10
 
4
 
 to 1 
 
×
 
 10
 
6
 
 propagules per ml of water in each tube.
Three sets of controls [hydrilla tubes with no 
 
H. pakistanae
 
 or
fungus, HP1 (15% 
 
H. pakistanae
 
 damage), HP2 (25% 
 
H. paki-
stanae
 
 damage)] were maintained under the same conditions.
Six replicates, arranged in a completely randomized design,
were used per treatment. Hydrilla was rated for disease and/or
damage severity 7 days after inoculation with the fungi.
 
Further evaluation of 
 
F. culmorum 
 
plus
 
 H. pakistanae
 
 combina-
tions for controlling hydrilla in 3.7-L jars.
 
 Healthy dioecious fe-
male hydrilla were collected from the Manatee Springs, Levy
County, Florida. Ten apical cuttings of shoots, approximately
12-cm long, were planted in surface-sterilized 3.7-L glass jars
containing a 10-cm layer of washed, sterilized sand and filled
with 3.0 L of sterilized 5% Hoagland’s solution (Hoagland
and Arnon, 1950) amended with 0.1% KHCO
 
3 
 
and adjusted to
pH 6.5 with 1 N HCl or 1 N NaOH. Each jar was then covered
with a sterile 15-cm-diam plastic petri plate cover and placed
under diurnal light at 12 h, 190 µE/m
 
2
 
.s and a temperature of
25 ± 2 C in a plant growth room. Cuttings in jars were allowed
to acclimate for 2 days before the 
 
H. pakistanae
 
 eggs were
placed on them. Twenty 1- to 4-day-old eggs of 
 
H. pakistanae
 
,
collected from the colony in Gainesville, were released careful-
ly onto the top leaves of hydrilla shoots in the jars. After day 11
and 28 following egg placement on shoots, plants grouped in
two levels of 
 
H. pakistanae
 
 damages (HP1, 15% damage and
HP2, 25% damage) and were inoculated with conidia of 
 
F. cul-
morum
 
 (isolate F964). For the 
 
F. culmorum
 
 plus 
 
H. pakistanae
 
treatments, hydrilla shoots at both HP1 and HP2 damage lev-
els were inoculated with 
 
F. culmorum
 
. A 10-mL conidial suspen-
sion was added to a hydrilla-containing jar to give a final
concentration of 1 
 
×
 
 10
 
6
 
 conidia per mL of liquid in the jar.
Three sets of controls, namely hydrilla with no 
 
H. pakistanae
 
 or
fungus, with HP1 and HP2 level of damage were used and
maintained under the same conditions. The jars, with four
replicates per treatment, were arranged in a completely ran-
domized design and maintained for 4 weeks under the same
conditions as described above. Hydrilla was rated for disease/
damage severity two weeks after inoculation with the fungus.
 
Effect of temperature on 
 
F. culmorum 
 
plus
 
 H. pakistanae
 
 com-
binations
 
. Hydrilla in tubes, inoculated with 
 
F. culmorum
 
alone, the 
 
H. pakistanae
 
 alone, and the 
 
F. culmorum
 
 plus 
 
H.
pakistanae
 
 combination, were incubated at constant tempera-
tures of 15, 20, 25, 30, and 35 C. These tubes were prepared
as described previously in the bioassay experiment and the
tubes were placed under diurnal light (12 h; 210 µE/m
 
2
 
.s) in
five growth chambers. Two 1- to 4-day-old eggs of 
 
H. paki-
stanae
 
 were carefully placed on the top leaves of hydrilla
shoot in each tube. 
 
H. pakistanae
 
 eggs were placed on the
leaves 11 and 28 days prior to fungal inoculation to create
HP1 and HP2 levels of damage on hydrilla shoots. The hyd-
rilla tubes were returned to the respective temperatures and
the damage levels from herbivory were recorded at the time
of fungal inoculation (time zero). 
 
H. pakistanae
 
 damage was
visually rated on each hydrilla shoot for each release time, as
mean percent shoot damage from 12 replicates (six repli-
cates of 
 
H. pakistanae
 
 only and six replicates of 
 
H. pakistanae
 
to be inoculated with the fungus).
Inoculation with the fungus was carried out by adding a
conidial suspension of 
 
F. culmorum
 
 isolate F964 to the water in
the tube to give a final inoculum concentration of 1x10
 
6
 
conidia/ml. After inoculation, the tubes were returned to
their respective incubation temperatures. Hydrilla was rated
for disease-damage severity 15 days after fungal inoculation.
Four sets of controls (with no 
 
H. pakistanae
 
, or fungus, HP1,
HP2 and fungus alone) were maintained at each tempera-
ture condition. The replicates were arranged in a completely
randomized design within each temperature (incubator).
Damage was rated as percent shoot biomass affected by chlo-
rosis, lysis, and disintegration.
 
Statistical analysis.
 
 The data were analyzed using Statistical
Analysis System (SAS Institute, 2000). All multiple comparisons
were first subjected to ANOVA, and Least Significant Differ-
ence (LSD) separation method was used for pairwise compari-
sons. Ratings of pathogen and/or insect damages at a given
temperature were pooled and analyzed. Tukey’s Studentized
Range test was used for comparison of damage at a given tem-
perature. Contrast statements were used for pairwise compari-
sons in the study evaluating the four fungi and 
 
H. pakistanae
 
.
 
RESULTS
 
Effects of four fungal species and 
 
H. pakistanae
 
 on hydrilla
shoots in the test-tube assay
 
. Hydrilla shoots inoculated with the
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fungal species F71PJ 
 
Acremonium
 
 sp., F531 
 
Cylindrocarpon 
 
sp.,
and F964 
 
Fusarium culmorum
 
 developed disease symptoms in
6 to 8 days after inoculation and after 8 to 10 days when inoc-
ulated with F542 
 
Botrytis
 
 sp. Reddening of leaf margins and
decline of chlorophyll were characteristic symptoms associat-
ed with 
 
Acremonium
 
 sp. (F71PJ) while severe chlorosis and tis-
sue lysis were typical symptoms induced by 
 
Cylindrocarpon
 
 sp.
(F531) and 
 
F. culmorum
 
 (F964). Browning of hydrilla shoots
was a distinctive symptom of 
 
Botrytis
 
 sp. (F542). Loss of leaf
tissue due to larval mining and chlorosis was the typical type
damage caused by 
 
H. pakistanae
 
 (Figure 1).
The levels of damage caused by fungal isolates F531 and
F964 alone, were greater than that caused by 
 
H. pakistanae
 
alone (Table 1). Six of eight fungus-
 
H. pakistanae
 
 combina-
tions produced higher levels of damage than that caused by
 
H. pakistanae
 
 alone. Two treatments, involving fungus-
 
H. pa-
kistanae
 
 combinations (HP2 plus
 
 Acremonium
 
 sp. and HP2
plus 
 
F. culmorum
 
 produced more damage than the corre-
sponding fungus-alone treatments. The most damaging com-
bination was HP2 plus 
 
F. culmorum
 
, which caused 88% shoot
damage within 1 week after inoculation (Table 1). The hyd-
rilla shoots treated with this combination were completely
killed after 12 days in this bioassay.
 
Evaluation of 
 
F. culmorum 
 
plus
 
 H. pakistanae
 
 combinations
for controlling hydrilla in the jar assay.
 
 
 
Fusarium culmorum
 
 was
proven to be the most effective fungus capable of killing hyd-
rilla shoots (Table 1) and hence was selected for further eval-
uation. It rapidly sporulated and produced a large quantity
of spores in laboratory cultures, which facilitated its use in
these studies. The glass jar based bioassay provided a larger
test system allowed root and shoot growth of hydrilla.
The treatment combination HP2 plus 
 
F. culmorum
 
 pro-
duced the highest level (97.5%) of hydrilla damage within
two weeks after the addition of the fungus to the jar (
 
P
 
 =
0.0001) (Table 2, Figure 2). The second and third best treat-
ments were HP1 plus 
 
F. culmorum
 
 (76% shoot damage) and
the fungus 
 
F. culmorum
 
 alone (62.5% shoot damage), respec-
tively (Table 2).
 
Effect of temperature on F. culmorum plus H. pakistanae treat-
ments. At the time of fungal inoculation (time zero), average
damage ratings (n = 12) of shoots in the HP1 treatment at
Figure 1. Leaf mining damage caused by Hydrellia pakistanae on hydrilla.
TABLE 1. DISEASE/DAMAGE RATING OF INSECT-FUNGUS COMBINATIONS ON HY-
DRILLA AT 1 WEEK AFTER INOCULATION WITH THE FUNGI IN A TEST-TUBE BIOASSAY.
Treatment % Damagea
Control I (no fungus/no insect) 2.20 i
Control II (Hydrellia pakistanae alone)b:
HP1 (15% H. pakistanae damage) 20.0 gh
HP2 (25% H. pakistanae damage) 31.3 efgh
Control III (fungus alone):
Acremonium sp. (F71PJ) 31.3 efgh
Cylindrocarpon sp. (F531) 52.5 bcd
Botrytis sp. (F542) 33.3 defgh
Fusarium culmorum (F964) 55.8 bcd
Insect-fungus combinations:
HP1 + Acremonium sp. (F71PJ) 48.3 cdef
HP1 + Cylindrocarpon sp. (F531) 61.6 bc
HP1 + Botrytis sp. (F542) 48.3 cdef
HP1 + F. culmorum (F964) 55.8 bcd
HP2 + Acremonium sp. (F71PJ) 61.6 bc
HP2 + Cylindrocarpon sp. (F531) 78.3 ab
HP2 + Botrytis sp. (F542) 52.5 bcd
HP2 + F. culmorum (F964) 88.3 a
aValues represent the means of six replicates. Values followed by the same
letter(s) are not significantly different according to Fisher’s LSD test (P <
0.05).
bTwo 1- to 4-day-old eggs of H. pakistanae collected in Gainesville were
released carefully onto the top leaves of the hydrilla shoot per hydrilla tube.
The hydrilla tubes were then covered with sterile clear plastic caps and
placed under diurnal light of 137 µE/m2.s for 12 h held at 25 ± 2 C for 3
weeks. Hydrilla tubes were then classified, according to damage on hydrilla
caused by the insect into two groups of 15 and 25% damage levels = HP1
and HP2, respectively.
TABLE 2. DISEASE/DAMAGE RATING OF INSECT-FUNGUS COMBINATIONS ON HYD-
RILLA 2 WEEKS AFTER INOCULATION WITH THE FUNGUS IN JARS.A
Treatment % Damage
Control I (no insect/no fungus) 3.00 f
Control II (H. pakistanae alone)b:
HP1 (15% H. pakistanae damage) 23.75 e
HP2 (25% H. pakistanae damage) 35.00 d
Control III (fungus alone):
Fusarium culmorum (F964) 62.50 c
Insect-fungus combinations:
HP1 + F. culmorum (F964) 76.25 b
HP2 + F. culmorum (F964) 97.50 a
aValues represent the means of four replicates. Values followed by the same
letter(s) are not significantly different according to Fisher’s LSD test
(P < 0.01).
bTwenty 1- to 4-day-old eggs of H. pakistanae collected in Gainesville were
released carefully onto the top leaves of the hydrilla shoots per hydrilla jar.
Hydrilla jars were then covered with sterile clear 15-cm-diameter plastic
petri plate covers and placed under diurnal light at 190 µE/m2.s for 12 h
held at 25 ± 2 C in a plant growth room. Two release dates of 11 or 28 days
before inoculation with the fungus of H. pakistanae eggs were selected to
obtain two levels of insect damage at the time of inoculation with the fun-
gus at 15 and 25% damage levels = HP1 and HP2, respectively.
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each level of water temperature were 0 at 15 C, 0.8 at 20 C, 6
at 25 C and 30 C, and 3 at 35 C. At the same time, shoots in
the HP2 treatment had mean damage levels of 0.16 at 15 C,
19.2 at 20 C, 15.8 at 25 C, 15 at 30 C, and 5.8 at 35 C. Two
weeks later, water temperature range between 15 to 35 C had
little or no effect on the levels of shoot damage caused by F.
culmorum or H. pakistanae alone. However, water temperature
had an effect on the damage caused by the H. pakistanae plus
F. culmorum treatment at both HP1 and HP2 levels of her-
bivory (HP1 and HP2) (Table 3). The H. pakistanae plus F.
culmorum treatment combinations caused the most severe
damage at 20 and 25 C (Table 3, Figure 3). When data from
all treatments at a given temperature were pooled and ana-
lyzed, the temperature range between 20 to 30 C provided
the most conducive environment for F. culmorum and H. paki-
stanae as effective biocontrol agents of hydrilla (Table 4).
DISCUSSION
The results presented herein confirm the findings from a
previous study by Shabana et al. (2003) in which F. culmorum,
among the microorganisms tested, produced the highest lev-
el of damage to hydrilla in laboratory tests. Unlike an isolate
of F. culmorum isolated in the Netherlands that was reported
by Charudattan and McKinney (1978) as a potential biocon-
trol agent for hydrilla, the F. culmorum isolate used in the cur-
rent study is indigenous to Florida. Thus, the use of an
indigenous fungus as a biological control agent should be
more acceptable to the public and regulatory agencies than a
nonindigenous organism such as the isolate from the Neth-
erlands. However, the host range of the Florida isolate
should be determined before it can be presented as a safe
biocontrol agent.
The subject of biocontrol of hydrilla with the leaf-mining
fly, H. pakistanae, has been extensively reviewed by Bucking-
ham et al. (1989), Buckingham and Okrah (1993), Wheeler
and Center (1996), Center et al. (1997), and Wheeler and
Center (2001). Though H. pakistanae is widely established in
Florida after its initial release in 1987 (Buckingham 1988,
Center et al. 1997), little or no effect on hydrilla stand densi-
ty has been achieved (Forno and Julien 2000, Wheeler and
Figure 2. The effects of Hydrellia pakistanae and Fusarium culmorum on hyd-
rilla shoots, 2 weeks after inoculation with the fungus. Control, no insect or
fungus; HP2, H. pakistanae alone; F964, F. culmorum alone; and F964+HP2,
combination of 25% H. pakistanae damage plus F. culmorum.
TABLE 3. DISEASE/DAMAGE RATINGS OF INSECT-FUNGUS TREATMENT COMBINA-
TIONS ON HYDRILLA MAINTAINED AT FIVE TEMPERATURE LEVELS 2 WEEKS AFTER
INOCULATION WITH THE FUNGAL CONIDIA.
Treatmenta Temperature % Damageb
15 0.83 a
20 0.83 a
Control (no insect/no fungus) 25 0.00 a
30 0.00 a
35 0.00 a
15 29.17 b
20 56.67 a
Fusarium culmorum alone 25 55.83 a
30 50.83 a
35 43.33 ab
15 3.33 a
20 9.17 a
H. pakistanae alone (HP1) 25 8.33 a
30 8.00 a
35 5.00 a
15 3.33 b
20 28.33 a
H. pakistanae alone (HP2) 25 20.00 ab
30 22.50 a
35 20.00 ab
15 35.83 c
20 86.67 a
HP1 + F. culmorum 25 77.50 ab
30 62.50 b
35 40.00 c
15 38.33 c
20 91.67 a
HP2 + F. culmorum 25 84.17 a
30 66.67 b
35 55.83 b
aSee Materials and Methods for details of experimental set up and damage 
rating.
bValues represent the means of six replicates. Values within a given treat-
ment followed by the same letter(s) are not significantly different according 
to Fisher’s LSD test (P < 0.05).
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Center 2001). One approach to improve the efficacy of in-
sect natural enemies may be to incorporate one or more
microbial pathogens into the system. Based on the results
presented here, it may be possible to achieve a higher level
of hydrilla control through integration of insects and patho-
gens. It appears that leaf mining by H. pakistanae not only
reduces the photosynthetic capacity of the plant but also fa-
cilitates fungal infection of leaves and stems and onset of dis-
ease-induced stress. H. pakistanae can also aid the spread of
the pathogen by passively transporting the pathogens’
propagules. Data presented in Tables 1-3 show that the level
of shoot damage caused by the synergistic effect of insect-
pathogen combination was 1.6 times and 2.8 to 3.0 times
more than the fungus alone or insect alone, respectively.
Higher levels of hydrilla control were achieved when the
fungal pathogen was applied to hydrilla after inducing a high-
er level (25%) of insect damage. This suggests that schedul-
ing of the application of the microbial pathogen may be
crucial in enhancing synergistic effects on hydrilla control.
Previous studies have shown that the surface-water tem-
perature is a critical to the development of H. pakistanae on
hydrilla (Cuda and Fox 1997, Wheeler and Center 2001). In
our study, water temperature had insignificant effect on fun-
gus but had a significant effect on insect’s ability to damage
hydrilla. Also, the surface-water temperature influenced the
level of damage caused by the insect plus fungus combina-
tion. Maximum damage was obtained with the combination
HP2 plus F. culmorum at 20 and 25 C compared to 15 or 30
and 35 C. Lower or higher water temperatures presumably
may have negative effects on the development and hydrilla
shoot damaging activity of both insect and pathogen. The
optimum temperature range at which maximum damage oc-
curred in our study is comparable to the temperature of the
surface water in Florida waters and therefore it should be
possible to duplicate the hydrilla control efficacy of the F. cul-
morum-insect combination.
This is the first report of an attempt of evaluating a patho-
genic fungus and an insect for use in integrated biocontrol
of hydrilla. However, further studies are needed to assess the
efficacy of the F. culmorum plus H. pakistanae combination for
integrating in hydrilla control in natural lakes.
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